mRNA transcripts possessing sequence complementarity. If the antisense guide RNA and sense mRNAs have significant, yet incomplete base pairing, typically seen with endogenous mature miRNAs and their 3′ untranslated region (3′UTR) targets, translation can either be repressed or the mRNA can be destabilized through decapping or deadenylation. For complete base pairing, commonly utilized in synthetic RNAi approaches, the mRNA transcript is degraded. 17 Recent findings have led to an appreciation that natural variations in the biogenesis of RNAi, including the mirtron and endogenous siRNA (endo-siRNA) pathways, add complexity to RNAi regulation within the cells. 18 Mirtrons are a novel class of splicingdependent miRNAs identified in Drosophila and C. elegans, 19, 20 and are predicted to be present in mammals. 21, 22 Biogenesis involves removal of short introns with hairpin-forming potential to form pre-miRNA-like hairpins that bypass Drosha/DGCR8 processing. In contrast, 21-22-nt endo-siRNAs have multiple origins. For example, a long antisense transcript (>100-nt), produced from an antisense promoter either in the same gene or a homologue, can hybridize with an mRNA and be processed by unknown mechanisms involving Dicer and Tar repeat-binding protein-2 (TRBP2) into multiple small RNAs capable of RNAi. Long inverted repeat hairpins that are of increased length to canonical Drosha substrates and shRNAs can also be processed to produce active endosiRNAs. [23] [24] [25] [26] Further study of these two still relatively unexplored pathways will no doubt increase our knowledge of RNA-based gene regulation mechanisms and result in future therapeutic opportunities. In the canonical mammalian miRNA pathway, pri-miRNA transcripts are processed by the microprocessor complex into pre-miRNA hairpins that are recognized by exportin-5 for nuclear export. Further processing by Dicer, recruitment into RISC and strand selection result in a mature antisense capable of directing translational repression of imperfectly matched targets, or cleavage of perfectly matched targets. (b) The commonly employed synthetic RNAi effectors (siRNAs, shRNAs, and pri-miRNA mimics) imitate different precursors of the endogenous miRNA pathway. (c) Novel "second-generation" approaches improve on existing strategies. Asymmetric interfering RNAs, small internally segmented interfering RNAs, and RNA-DNA chimeric duplexes reduce off-target effects of siRNAs by limiting sense strand activity and/or off-target effects of antisense seed regions. Trans-kingdom shRNAs and tRNA-shRNAs limit exportin-5-mediated toxicity of shRNAs by using alternate delivery mechanisms of shRNAs to the cytosol. Tandem siRNAs, tandem hairpin RNAs, and miRNA cluster mimics can be used when targeting multiple sites in the same gene or when simultaneously targeting multiple targets is desired. RNAi effectors may be additionally used to induce transcriptional gene silencing that offers the ability to induce long-lasting silencing through epigenetic changes with minimal repeated delivery.
Exogenous gene-silencing strategies
The simplicity, specificity, and potency of mimicking precursors of the RNAi pathway have made this an exciting approach to target genes for both research and therapeutic purposes. Exploitation of RNAi has most commonly been achieved using one of the three strategies (Figure 1b ).
1. Synthetic siRNAs that enter the RNAi pathway after nuclear export 12 2. Post-Drosha pre-miRNA precursor mimics, termed shorthairpin RNAs (shRNAs) 27 3. Primary-miRNA (pri-miRNA) mimics 28 Each approach has been applied in vitro and in vivo with clinical trials ongoing for, among others, intraocular delivery of siRNAs in age-related macular degeneration, nasal siRNA delivery against respiratory syncytial virus, encapsulated siRNAs for solid tumors, and an shRNA directed against the HIV tat and rev genes as part of a trimeric treatment for AIDS lymphoma. 29, 30 However, each current strategy has potential disadvantages that may limit its therapeutic usage.
The use of synthetic siRNAs requires delivery of dsRNA duplexes that are rapidly degraded in cells and have limited halflives in serum, thus necessitating repeated delivery for prolonged in vivo use (Figure 2a) . Serum stability and nuclease resistance can be significantly improved by modifications to the dsRNA duplex such as the addition of 2′O-methyl or locked nucleic acids (reviewed in ref. 31) . Some modifications have further been shown to reduce activation of the Toll-like receptors and type I interferon response. 32 Together, these modifications have made the use of siRNAs a distinct possibility for several diseases. However, some caution must be taken. Even some heavily stabilized siRNAs have been shown through mass spectrometry analysis to be eventually degraded within a matter of hours in serum, 33 whereas excessive modification has the potential to reduce siRNA potency 34 suggesting an optimal balance must be found.
The absence of promoter regulation and delivery specificity that is conferred by delivery vectors to DNA-based approaches additionally limits delivery approaches for siRNAs (Figure 2b ) (reviewed in refs. 29, 35 ). An exception to this is the targeted delivery of therapeutics to the liver, the site siRNAs accumulate after systemic intravenous delivery. Indeed, considerable progress has been made using siRNAs to target hepatitis B and C viruses in vivo, suggesting intravenous delivery to liver is a viable approach. [36] [37] [38] Success will continue to be reported for cases in which unique biology can be exploited. This includes delivery to immunoprivileged sites such as the eye, or when using efficient targeting peptides or delivery vehicles. 36, [39] [40] [41] [42] However, the limited ability of existing targeting peptides and vehicles to target many tissues deep within the body and the substantial costs that would be required for gram quantities of clinical-grade siRNA for human systemic delivery 38 dictates that the likely application of siRNAs may be for repeated local delivery to easily accessible tissues such the eye, various epithelia, or skin. 35 Consequently, other organs including the brain and heart will unlikely be suitable for siRNA delivery due to the invasive nature of access for repeat delivery and lack of cell-specific uptake.
RNAi effectors based on shRNA and pri-miRNA mimics are delivered as DNA vectors, enabling viral delivery approaches. When used in conjunction with site-specific promoters and viral vectors with specific tropisms, targeting of organs via systemic administration is possible. 43, 44 However, high levels of expression can outcompete the endogenous RNAi pathway leading to fatal toxicity in vivo due to exportin-5 saturation and off-target effects due to high levels of antisense RNAs 45, 46 (Figure 2c) . The ubiquitous U6 and H1 promoters used for shRNA expression were originally selected for their relative ease of producing short RNA transcripts defined by well-characterized start and termination sequences. 27, 47 However, both drive high levels of expression of small RNAs that can elicit toxicity. Pri-miRNA mimics, discussed in detail later, mitigate this problem as they can utilize low-expression RNA polymerase-II (pol-II) promoters. However, it is clear that the endogenous RNAi pathway can be saturated and the risk of this should be minimized.
A major hurdle common to all aforementioned RNAi-based approaches is off-target effects (Figure 2d) . Recent microarray data have revealed that complementary base pairing with as little as 8-nt homology is sufficient to cause translational repression of nontarget genes when multiple target matches are present within their 3′UTRs. 48, 49 Indiscriminate strand selection by RISC can subsequently lead to combined activity of both antisense and " passenger" sense strands resulting in considerable dysregulation of many mRNA transcripts. 50 Much work therefore needs to be done to optimize selective loading of the antisense strand into RISC to minimize this possibility. In many cases, this is achievable with both careful consideration of the thermodynamic stability across the dsRNA duplexes and stringent testing. 51 This can be further reduced with careful, specific delivery and expression in regions requiring therapeutic intervention. 43, 52 new generation of rnA-based silencing approaches The limitations of current RNAi strategies have been acknowledged in recent years, 30, 50, 53 and novel approaches that circumvent these have been developed (Table 1, Figure 1c) . These "secondgeneration" RNAi effectors discussed here each have individual merits for specific uses that will hopefully drive RNAi closer to the clinic.
Asymmetric interfering RNA. Although using thermodynamic stability to bias strand selection can reduce off-target silencing, infrequent sense strand incorporation can still lead to off-target effects. 54 Atypical overhangs have been demonstrated to further improve strand bias in siRNAs, with unilateral 2-nt 3′overhangs on the antisense strand improving antisense selection. 55, 56 An alternative strategy is to use siRNAs composed of regular antisense strands combined with shortened sense strands that are no longer RISC substrates. Indeed, Sun et al. have shown that 19-nt antisense strands carrying 2-nt 5′ overhangs paired with 15-nt sense strands achieved efficient RISC loading and gene silencing comparable to that of siRNAs with full-length sense strands. 50 Excitingly, one such asymmetric interfering RNA (aiRNA) demonstrated a nearly twofold reduction in the number of genes downregulated when looking at microarray data of 38,500 human mRNA transcripts in HeLa cells, relative to an antisense matched siRNA.
This work is supported by Chu et al. who demonstrated that aiRNAs consisting of either a 16-nt core duplex or 15-nt core duplex were potent RNAi molecules. 57 Although off-target silencing was not determined, deletions to either 5′ or 3′ regions of the sense strand were readily accommodated by RISC, implying flexibility in aiRNA design. However, they reported that deletions could additionally be made to antisense strands. Interestingly, 16-nt antisense strands were capable of mediating RNAi. Furthermore, when combined with 16-nt sense strands, the silencing was improved beyond that of "parent" 19-nt siRNAs, from which truncated duplexes were derived due to an increase in the rate of RISC-mediated cleavage. If this finding is confirmed, it will significantly influence designs of aiRNAs. The results imply that 16-nt sense strands have the potential to act as RISC substrates and still mediate off-target effects. They also report a 50% reduction in silencing by a 15-nt duplex. This finding is supported by reverse asymmetry data provided by Sun et al. that showed that 15-nt antisense strands paired with 21-nt sense strands failed to silence. 50 Taken together, the evidence suggests that 15-nt sense strands may have the desired potential for reducing off-target silencing in aiRNAs. Although these precise design details need to be finalized, the reports suggest aiRNAs should be investigated as improved alternatives to siRNAs due to their retention of potent activity and reduced off-target effects. Asymmetry may even be possible in DNA-encoded approaches because sense and antisense strands can be generated from separate pol-III expression cassettes to generate functional siRNAs. 58, 59 Small internally segmented RNAs. An equally impressive challenge to current understanding of RNAi substrates was made by Bramsen et al. who hypothesized that the undesired activity of sense strands could be eliminated by segmentation of their 22-nt sense sequence into two smaller sequences. 53 These small internally segmented interfering RNAs (sisiRNAs), held tightly together by locked nucleic acid modifications, were highly potent RNAi effectors capable of reducing both synthetic and endogenous targets to levels equal to unsegmented 22-nt siRNAs. Furthermore, offtarget silencing of perfectly complementary sense strand synthetic targets was abolished by segmentation of sense strands, implying neither sense segment is active. A screen of multiple sisiRNA variants suggests that for optimal silencing, contiguous sense strands are required, whereas the position of the break can be flexible and not necessarily mimic the natural cleavage site of the target. A preliminary preference for 10+12-nt mini-sense strands was suggested by the authors, but it is further suggested that in preliminary designs, a variety of sequences should be tested.
The presence of locked nucleic acid modifications to increase stability appears essential to sisiRNA design. However, these modifications have an additional benefit. No evidence was found for induction of the interferon response, in agreement with existing data on locked nucleic acid-based siRNAs, 60 whereas serum stability was strongly increased from 90 minutes to over 13 hours. With abrogated sense strand activity and increased stability, sisiRNAs are on a par with aiRNAs at mitigating off-target effects and should again be considered as improved alternatives in siRNAbased therapies.
RNA-DNA chimeras. A final approach for reducing off-target effects of siRNAs is to substitute parts of the dsRNA duplex with cognate deoxyribonucleotides, in addition to the commonly utilized deoxythymidine 3′ overhangs. 12, 61 Potent-silencing activity is retained in chimeras in which the 5′ end of RNA antisense strands are replaced with DNA, or in which all of the nucleotides of the 8-nt dsRNA region at 5′ ends of antisense strands, together with 3′ overhangs of sense strands, are replaced with DNA. 61 Despite overlapping with the essential seed region of antisense strands, the latter substitution has been confirmed with 17 functional siRNAs demonstrating little loss of efficacy implying that this is a reproducible modification. Furthermore, the method of gene silencing appears indistinguishable from that of unmodified siRNAs with an AGO-2-and RISC-dependent mechanism resulting in cleavage of target mRNA across from positions 10 and 11 of antisense strands.
The most intriguing aspect of this design is that off-target effects of the modified siRNAs are dramatically reduced from the parental siRNAs. Unlike unmodified siRNAs, the expression of perfectly complementary sense strand targets is unaffected with all chimeras reported. Even more encouraging is that both in synthetic assays and microarray profiling, there is a significant reduction in repression of seed-match targets in which just positions 2-8 of the antisense strand are paired to the target. This is important because recent microarray profiling reveals unintended silencing is predominantly associated with such seed-matches. 49 It seems likely that the reduction seen in repression with these RNA-DNA chimeras is due to reduced thermodynamic stability of the resulting DNA seed region paired to RNA target compared to the RNA-duplex pairing such that RISC no longer initiates repression. Together, the results demonstrate a promising alternative to siRNAs and may circumvent the ambiguity of whether shortened sense strands can still remain active with the aiRNAs. 50, 57 One limiting factor that does need to be investigated before widespread adoption is the increased IC50 values of these chimeras. 61 Therapeutic concentrations of chimeric duplexes will need to be determined with each construct, but whether an increased working concentration leads to further detrimental effects will need to be stringently investigated in each specific case.
Trans-kingdom RNAi. The commonly employed DNA-encoded RNAi effectors rely heavily on the endogenous miRNA pathway for processing of synthetic precursors that can result in toxic effects due to competition with endogenous miRNAs. 45, 46 One means of bypassing parts of the endogenous miRNA biogenesis pathway is to produce active RNAi effectors outside of mammalian cells. In proof-of-principle experiments, Xiang et al. have demonstrated that shRNA-like molecules expressed from bacteriophage T7 promoters in intracellular bacteria can effect RNAi on host cells. 62, 63 They termed this effect trans-kingdom RNAi (tkRNAi). Incorporation of the hemolysin gene allows the shRNA to be exported out of the endolysosomal compartment in which the bacteria resided and into the cytoplasm following transcription. However, unlike U6 promoter-driven shRNA, the 3′ end of the shRNA incorporates a T7 terminator sequence. The product thus appears to be uncleaved in the bacteria, and may require further processing to form pre-miRNA stem loops. In addition, no interferon response was detected in vitro and not reported in vivo. This is perhaps surprising because T7 transcribed sequences include 5′ terminal triphosphate groups that are a potent trigger for retinoic acid inducible gene (RIG)-1, a key protein involved in the initiation of innate antiviral responses. 64, 65 Further experiments will thus be needed in order to establish the precise interaction of the shRNA with the host cell.
Regardless of processing steps prior to the formation of the shRNA loop, tkRNAi has been shown to result in the cleavage of target mRNA via 5′ RACE and is likely to enter the RNAi pathway at the level of Dicer processing. Oral administration of the bacteria resulted in knockdown of the CTTNB1 gene in intestinal epithelium cells by over 60%, which demonstrated impressively that tkRNAi can achieve therapeutic levels of knockdown in vivo in spite of its distinct biogenesis pathway. As intracellular bacteria can be mercifully sacrificed with antibiotics, tkRNAi confers the ability to turn off the production of shRNA when required, especially in cases when the prolonged expression of shRNA can result in toxicity. However, the limited number of cell types permissible to intracellular bacteria may limit potential of this technology. In this example, nonpathogenic Escherichia coli was orally or intravenously delivered, and knockdown reported in the intestines and colon cancer xenografts. This suggests that such an approach could be used as an alternative delivery method to these regions to viral delivery of DNA-encoded shRNAs.
tRNA-shRNAs.
A different solution for avoiding cellular toxicity with shRNAs is to use alternative pol-III promoters. One such family under investigation is the well-characterized tRNA promoters that drive expression of tRNAs with characteristic cloverleaf secondary structures and cargoes covalently linked at the 3′ acceptor stem. Following previous reports of extension of tRNAs into active ribozyme transcripts, 66 tRNA promoters have been successfully modified to drive shRNA expression. [67] [68] [69] Importantly, extension and development of the acceptor stem into shRNA-like hairpins have been demonstrated to allow for highly efficient processing into RNAi effectors with comparable or even improved efficacy to matched siRNAs and U6/H1-driven shRNAs. [67] [68] [69] It remains to be determined whether Dicer is responsible for this separation of tRNA and shRNA in a similar manner to the separation of analogous aptamer-linked siRNAs formulated to enhance delivery specificity of siRNAs. 70 An alternative is that the endoribonuclease responsible for removing endogenous 3′ trailers from pre-tRNAs, tRNase Z L , is required. 69, 71 It appears that potent tRNA-shRNAs may still be in association with the tRNA Val promoter in the cytosol. In this example, northern blotting has revealed a cytoplasmic-specific transcript that is considerably larger than the identical hairpin sequence transcribed off a U6 promoter, suggestive of a tRNA-shRNA chimera being exported to the cytosol. 67 Furthermore, unlike U6-driven shRNAs, tRNA-shRNAs are not retained in the nucleus which could explain their improved potency over U6 promoters in multiple cases. 67, 68 When considered with the fact that products of tRNA promoters are recognized by the nuclear karyopherin, exportin-t, for nuclear export, 67, [72] [73] [74] [75] it suggests an efficient alternate nuclear export route may be in use that could potentially circumvent toxicities associated with exportin-5. However, the authors did not investigate either issue, and it will be important to see in future whether the toxic competition for exportin-5 could be bypassed by an exportin-t-dependent tRNA diversion.
Evidence from Xenopus laevis oocytes implies that nuclear export of tRNAs may not be completely exportin-5 free. 76 In this model, the introduction of high concentrations of unlabeled tRNAs is sufficient to compete and reduce the nuclear export of radiolabeled tRNAs, a block that can be relieved by co-injection of either exportin-5 or exportin-t. Yet redundancy of the two exportins would still be expected to be beneficial in alleviating exportin-5-mediated toxicities due to splitting of tRNA-shRNA export between the two nuclear export pathways. If proven, as expected, then the use of tRNA-shRNAs would be a considerable improvement over existing shRNA strategies. Although absence of cell type/tissue specificity of these promoters would remain limiting, potent silencing together with reduced toxicity of tRNA-shRNAs could be beneficial in therapies where complete gene knockdown is desired.
Pri-miRNA mimics. As mentioned previously, high shRNA expression can lead to toxic effects both in vitro and in vivo. Although possible, it is unlikely that the pre-miRNA structure of shRNAs is the inherent problem. Supporting this are side-by-side northern blot comparisons of shRNAs and pri-miRNA mimics carrying the same antisense strands both transcribed from U6 promoters that demonstrate reduced pre-miRNA precursor and mature sequences with pri-miRNA mimics despite comparable levels of silencing. 77 The results support a protective role for Drosha processing by restricting the progression of pri-miRNA transcripts into the RNAi pathway. Encouragingly, this shRNA to miRNA-mimic switch was additionally associated with less toxicity including in vivo. 46, 77, 78 However, in several cases, it has been reported that the levels of silencing with pri-miRNA mimics are reduced relative to matched shRNAs and this will influence the choice between them. 77, 79, 80 Importantly, when designing pri-miRNA mimics directed against genes of interest, a consensus has emerged that maintenance of the secondary structure of the parental miRNA is highly desirable where possible for correct processing. This includes the flanking sequences preceding the Drosha processing site, of which maintaining one helical turn appears beneficial, [81] [82] [83] and the incorporation of both stem mismatches and a terminal loop sequence that closely, if not fully, resemble the parental miRNA. 81, 83, 84 In addition, maintenance of the full intron sequence and flanking exonic sequences when mimicking intron-derived miRNAs has been shown to be beneficial, suggesting that the intricate relationship between splicing and miRNA processing can influence the success of synthetic approaches and should be considered. [84] [85] [86] Finally, unlike other DNA-based approaches, pri-miRNAs have the considerable advantage that they can utilize pol-II promoters that can drive tissue-specific expression. The substrate recognition for Drosha is an extended stem loop importantly flanked by single-stranded RNA, 82 and it is this flanking region that allows much greater flexibility in substrate length and termination signals permitting pol-II promoters to be used. Examples have already been published demonstrating expression of miR-30-based constructs targeting green fluorescent protein in neurons of the striatum using a neuron-specific enolase promoter, 44 and with a miR-30a-based construct targeting the voltage-gated L-type calcium channel specifically in vascular smooth muscle cells in culture with a truncated SM22α promoter. 87 Together, the data lend support to selection of pri-miRNA mimics over shRNA variants to deliver therapeutic RNAi where possible.
Transcriptional gene silencing (TGS).
Although the aforementioned approaches all depend on PTGS, a recent report suggests that endogenous miRNAs are also capable of TGS. Following demonstration of unexplained nuclear localization of several mature miRNAs, 88, 89 Kim et al. demonstrated both transcriptional inhibition and epigenetic changes at the promoter region of the cell cycle gene POLR3D following ectopic expression of miR-320, a miRNA encoded within the promoter region of this gene in the antisense orientation. 90 In the absence of seed-matched target sites in the 3′UTR of POLR3D for this miRNA, the observed changes, together with the inverse relationship between POLR3D and miR-320 in several cell lines, appear dependent on the perfectly matched miR-320 target site in the promoter region of this gene. This work highlights a previously unknown function of this miRNA, and potentially several others, in which gene silencing can occur at the level of transcription. In addition, an alternative biogenesis pathway for endogenous TGS involves processing of complementary non-coding RNA transcripts by Dicer into short RNAs that associate with DNA methylation of suspected targets to help direct X-chromosome inactivation, again implicating aspects of PTGS machinery within a TGS pathway. 91 Interestingly, TGS is a case where reports of biology have come after the reports of synthetic usage. The earliest examples demonstrated induction of TGS via dsRNA-dependent formation of heterochromatin and/or DNA methylation around promoter sequences of targeted genes in several organisms such as plants, 92, 93 fission yeast, 94 and Drosophila. 95 It was subsequently found that siRNAs and shRNAs targeting promoter regions of human genes could also direct epigenetic changes required for heterochromatin formation and/or DNA methylation in order to initiate TGS. 96, 97 As well as involving DNA methyltransferases the mechanism has been demonstrated to be both AGO-1 and TRBP2-dependent, 90, 98, 99 and it may be in association with one or both of these latter proteins that siRNAs are localized to the nucleus to direct TGS. In addition, protein-protein interactions with AGO-1 implicate pol-II in the induction of TGS. 97, 98 Several reports have now been made of transcription across many promoter regions, 3, [100] [101] [102] [103] and it is possible that pol-II's involvement in TGS is linked to generation of this promoter-associated RNA. Indeed the integrity of low-level promoter RNA has been found to be essential in some reports of TGS. 100 ,104 Yet how these transcripts are involved, and whether antisense strands interact directly with DNA or RNA remains to be definitively determined. Despite a less complete understanding than for PTGS approaches, TGS is interesting as a potential therapeutic strategy because both endogonous 91 and synthetically-induced 104, 105 examples of TGS indicate that epigenetic changes responsible for silencing are long lasting. A seven day tet-induced expression of a shRNA targeting the ubiquitin C promoter was sufficient to induce TGS for over a month. 104 As such TGS could be ideally suited where long-term gene silencing is needed but where readminstration of effectors is problematic. In addition, TGS could be highly promising for genome-integrating retroviruses like HIV and SIV where high replication rates allow escape mutants to evolve against targeted therapies, and for DNA-encoded viruses. Long-term suppression of viral transcription by TGS could mimic viral latency, which is also associated with epigenetic changes, and reduce generation and selection of escape mutants to make infections more manageable. Indeed this principle has been demonstrated for both HIV-1 (ref. 105 ) and the simian immunodeficiency virus. 106 However, selective TGS of genes of interest has yet to be reported in vivo, and it will be exciting to see if this can also be demonstrated to encourage use of TGS as a novel RNAinduced silencing mechanism.
Tandem siRNAs. In several therapeutic scenarios delivery of multiple RNAi effectors may be desired in so-called multiplexing approaches. These include when it may be beneficial to target biological pathways rather than single targets in cancers 107, 108 or complex genetic diseases, or where high rates of viral mutation dictate that silencing multiple targets is required to avoid viral tolerance of silencing. 109, 110 Recently, incorporation of gene-specific siRNA sequences in between initiation and termination signals for opposing U6 and H1 promoters has been demonstrated as a DNA-encoded method of generating siRNAs. 111 The resulting duplexes resemble Dicer digestion products and can be efficiently incorporated into RISC to silence both synthetic and endogenous targets. 111 Encouragingly, this bi-directional siRNA strategy also allows delivery of multiple siRNAs within single constructs. 112 Extension of siRNAs from 19-21-nt sequences to 40-42-nt sequences, complete with 2-nt overhangs separating the siRNA sequences, results in two functional siRNAs being produced. Importantly, despite a long dsRNA duplex being formed when using these tandem siRNAs (tsiRNAs), the size appears to avoid interferon response activation in Huh7 cells. However, induction of the interferon response shows cell-type variability, with some lines exhibiting weaker activation. 113 It remains to be seen whether avoidance is replicated in cell-lines with more aggressive IFN responses, although a single bi-directional siRNA of 19-21nt would be expected to be tolerated. 114 Tandem hairpin RNAs. An alternative method to delivery of multiple effectors is to utilize a hairpin-based system analogous to tsiRNAs. Instead of generating two separate hairpins, tandem hairpin RNAs (thRNAs), which encompass both extended-shRNAs (e-shRNAs) 115, 116 and specific long-hairpin RNAs (lhRNAs) 117 from previous literature, produce single hairpin sequences with multiple siRNAs in tandem. These thRNAs are distinct from the originally described lhRNAs that were designed to incorporate a long contiguous stretch of target mRNA and its complementary sequence in order to achieve single target knockdown, a method adapted from plants to mammalian systems. [118] [119] [120] [121] [122] [123] Instead, within a thRNA up to 4 individual potent siRNA sequences targeting different target sites from the same or multiple genes can be constructed within a single hairpin and retain silencing activity. 116 Unlike tandem siRNAs, however, there is considerable difference in efficacy of gene knock down depending on the position relative to the stem loop. A repeated observation is that the most proximal siRNA to the loop exhibits the greatest reduction in both mature species production and knock down when compared to single shRNA controls, particularly when 3 or more siRNA units are included. 116, 117 This can be both an advantage in terms of regulating the levels of knock down by different siRNAs but a disadvantage if potent silencing by all siRNAs is a necessity. Further careful considerations must also be made when 4 siRNA sequences are included. At these lengths the silencing ability of all siRNA sequences across the thRNA can also be drastically reduced for unknown reasons. 116 This is despite the fact that these sequences will otherwise be highly potent in identical positions of double or triple-stacked thRNAs. For maximal levels of silencing, it therefore appears that no more than 2-3 siRNA units should be used.
Importantly, thRNAs produce multiple siRNAs from a single promoter in a single hairpin suggesting that exportin-5-mediated export is only utilized once per set of siRNAs. This contrasts with similar multi-effector technologies such as miRNA clusters and expression of multiple shRNAs. This property may result in reduced competition with the endogenous miRNA pathway and ultimately, reduce the potential toxicity for multiple siRNA delivery. Encouragingly thRNAs also fail to trigger an interferon response which tsiRNAs may be susceptible to and which delivered dsRNA duplexes are known to activate. 115, 116 . Taken together, these points encourage further development of this approach which has primarily been utilized in the development of gene therapies with impressive results against viruses in preventing the generation of escape mutants.
Pri-miRNA clusters. Like natural miRNA clusters, multiple pri-miRNA mimics can also be generated within a single transcript. The approach can be used to create multiple copies of the same pri-miRNA mimic or pri-miRNA mimics targeting different genes. 81, 84, 124 For instance, Chung et al. have demonstrated that two or more identical miR-155 mimic sequences targeting luciferase, processed from the same intron, show a positive correlation between the number of mimics in a transcript and the level of knockdown. 124 Encouragingly, it was also shown that expressing up to two miR-155 mimics targeting different synthetic or endo genous genes in series can effectively reduce both targets to levels comparable to single pri-miRNA mimics. This work suggests that multiplexing of miRNAs is possible and is an attractive new approach to target multiple genes from a single transcript.
As discussed previously, adherence to natural context for primiRNA mimics is beneficial for activity, [81] [82] [83] and it is predicted that this will additionally be applicable to miRNA clusters. Support for this comes from Aagaard et al. who explored a tri-cistronic miRNA cluster that expresses three miRNAs (miR-106b, miR-93, Novel RNA-based Strategies for Gene Silencing and miR-25) from an intron of <800 nt. 84 Thus, the intron, being relatively short, can easily be incorporated into viral vectors. Expression of the natural miRNA sequences present in this cluster showed a clear dependence on the flanking structures as expected. Deletion of the region from the base of the miRNA stem up to the final nucleotide adjacent to the mature antisense sequence abolishes all activity of the modified miRNA, whereas removal or shortening of the sequences flanking each miRNA stem was also sufficient to abrogate activity. In addition, the most significant knockdown achieved with miRNA mimics was seen when the full natural miRNA secondary structure of each hairpin was conserved. This agrees with previous data for pri-miRNA mimics and stresses the importance of maintaining recognition signals for efficient Drosha and Dicer processing. When considered together with the advantages of using pri-miRNA mimics in general, the use of pri-miRNA cluster mimics is a highly promising method for future studies or therapeutics in which multiplexing is desirable.
FuturE PErSPEctIvES
The discussed approaches exemplify significant improvements on the original synthetic RNAi technologies to circumvent associated problems. Recent advances in the understanding of RNAi biology mean that there are yet further strategies to be explored. The recent characterization of mirtrons and endo-siRNAs paves the way for exploitation of the inherent advantages of these endogenous systems. For example, the dependence on splicing rather than Drosha processing for pre-miRNA hairpin formation suggests that mirtrons would be less dependent on the canonical miRNA biogenesis pathway. Artificial mirtrons could thus represent a new class of RNAi effectors that would be ideally suited for the co-delivery of protein-coding genes and multiple RNAi molecules in a multiplexing approach.
Exploitation of the endo-siRNA pathway in mammalian cells with the expression of complementary long antisense mRNA transcripts may be a highly potent alternative to shRNA and miRNA pathways. Interestingly, the pathway utilized for generation of endo-siRNAs, although overlapping on some level with those of the miRNA and siRNA pathways, uses a set of homologous, yet distinct regulatory genes to those used in the miRNA pathway in Drosophila. 125 If replicated in mammalian cells, then several problems associated with saturation of the miRNA pathway may be avoidable through use of this unique pathway. Furthermore, as long antisense transcripts utilized in this biogenesis pathway are likely to be produced and exported as an mRNA and could therefore be used therapeutically with pol-II promoters, it is unlikely to result in saturation of the endogenous miRNA pathways while still retaining the capability for tissue-specific expression.
concluSIon
At present, it is apparent that none of the aforementioned technologies resolves all issues raised for the therapeutic application of RNAi. However, careful consideration of the problem that is to be addressed with a gene silencing approach alongside an understanding of the advantages and disadvantages associated with each technology will improve decision making on which optimized effector should be used and make therapeutic success more likely. For example, several skin conditions remain candidates for siRNA-mediated approaches due to the ease of access and suitability for repeat delivery, and clinical trials are due for the rare autosomal-dominant skin disease Pachyonychia congenital. 126, 127 Adoption of one of aiRNA, sisiRNA, or chimeric RNA-DNA duplex methods as opposed to traditional siRNAs may considerably reduce the expected associated off-target effects and make such therapies safer in the long term.
Although the effectors discussed are significant improvements on the first-generation effectors and we encourage widespread adoption of these approaches, progress in this field is set to continue, and several unique novel approaches will certainly be reported in future. However, considerable gains have been made with the effectors discussed, and combining two or more of the above approaches could have benefits that may be additive in "third-generation" gene silencing effectors. For example, thRNAs have the advantage of delivering multiple siRNAs from one construct, yet the disadvantage of requiring pol-III-dependent expression therefore making them susceptible to potential toxicities associated with saturating the endogenous pathway as seen with shRNAs. Two viable solutions to limiting this disadvantage would be to pair thRNAs with a tRNA promoter or deliver as a transkingdom thRNA in order to limit the exportin-5 saturation. Similarly, TGS has the advantage of long-term silencing at the transcriptional level, yet current induction commonly uses very high doses of siRNAs or shRNAs that can lead to considerable toxicities and off-target effects both through TGS and PTGS mechanisms. High doses of an aiRNA, sisiRNA, or chimeric RNA-DNA duplexes may still be a necessity, but the reduced off-target effects that are associated with these approaches may improve this technology with regard to therapeutic safety.
In summary, RNA-induced gene silencing has yet to be fully explored, and there are still many areas to this field in which understanding is lacking. Several novel RNAi effectors discussed here demonstrate that our understanding of the substrate recognition of RNAi is incomplete. By developing new understanding to circumvent current limitations, several highly promising RNAi effectors have been designed and tested that offer enhanced therapeutic potential. Although further improvements are expected, the stage is now set for some of these to become accepted by the mainstream in order to push RNA-induced silencing methods closer to therapeutic usefulness.
